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The non-linear magnetoelectric (ME) effect of Metglas/Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 heterostructures has been studied. Such effect holds promise for modulation mode ME sensor applications that require no dc bias. The non-linear ME coefficient was found to be highly dependent on the derivative of the piezomagnetic strain coefficient, which could be increased by increasing the Metglas length due to magnetic flux concentration. The non-linear ME coefficient was equal to 9.5 V=ðcm À Oe 2 Þ at H dc ¼ À1 Oe and 7.5 V=ðcm À Oe 2 Þ at H dc ¼ 0 Oe for a structure with 10 cm long Metglas foils. Magnetoelectric (ME) effect is an electric output in response to an applied magnetic field, which is mediated by a mechanical-coupling between the magnetostrictive and piezoelectric phases. 1, 2 In a heterostructures configuration where the two phases are engineered with close interface contact, a giant electric response with magnetic field has been found which is described as ME voltage (or charge) coefficient a ME . 3, 4 The achievement of giant values of a ME in ME heterostructures operated in a passive mode is ready for technological ME device applications. 5 One promising application is to develop highly sensitive and low-power consuming magnetometers that operate at room temperature and have sensitivity levels at low frequencies approaching that of optically pumped magnetometers. [6] [7] [8] [9] The piezomagnetic effect is linear only when the magnetic field and the stress in the magnetostrictive phase vary within a limited range that is set by a DC magnetic bias (H dc ) and/or a mechanical prestress. Previous investigations have focused on maximizing a ME near an optimized H dc . Values as high as a ME ¼ 61 V/cm Oe at f ¼ 1 Hz have been achieved which have low equivalent magnetic noise levels of 6 pT/rtHz. 10 However, low-frequency vibration and acoustic noises introduced by the piezoelectric effect can significantly raise the noise floor.
A non-linearity in a ME is known which is due to a corresponding non-linearity in the magnetostriction of the Metglas layers under a given H dc . 11 Recently, a modulation mode sensor which used a 2nd order ME nonlinearity was reported that transferred low-frequency target signals to higher frequencies. 12 In this method, an exciting carrier signal provided an effective means to reduce 1/f noise, to increase the signal-to-noise ratio (SNR), and to mitigate vibrational noise that is compared to a conventional passive mode scheme. 13 The effectiveness of this frequency transfer ability was proportional to the nonlinear ME coefficient a ME nonlin: Recently, for Metglas/Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 laminates, a ME nonlin was shown to have an optimum value near H dc ¼ 0. 12 The lack of the need for H dc makes the modulation approach promising. Accordingly, there is a need to understand what causes a ME nonlin to vary with H dc . The goal is to find a way to improve a ME nonlin , especially at H dc ¼ 0, which would be enabled for the modulation method to reduce noise by frequency shifting.
Push-pull tri-layer ME laminates were fabricated by bonding two layers of Metglas on a core Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) fiber layer.
14 The PMN-PT (Ceracomp, Korea) fibers had a thickness of 200 lm, a length of 4 cm, and a width of 1 cm. Both top and bottom surfaces of the core composites were fixed to Kapton interdigitated (ID) copper electrode layers (Smart materials, USA) using an epoxy resin (Stycast 1264, USA). The copper electrodes had 500 lm wide digits spaced at a 1.2 mm (center-to-center) distance, enabling the push-pull configuration. The Metglas foils (Vacuumscheltze GmbH & Co. KG, Germany) were 20 lm thick and were tailored to a length of 8 cm and a width of 1 cm.
14 Two tri-layer Metglas foils (epoxied to each other) of such dimensions were symmetrically attached on both sides of the core composite using an epoxy resin (West system 206, USA). To minimize the epoxy thickness in between the layers, the laminates were then pressed by a vacuum bag method and cured for more than 24 h at room temperature.
A 0.074 Oe exciting signal of H ac *sin(2pf 0 )t (f 0 ¼ 1 kHz) was applied to a coil which wound around the laminate along its longitudinal axis that was driven by a dynamic signal analyzer (SR-785, Stanford Research Systems, USA), as illustrated in Figure 1 . A small AC magnetic signal of 180 nT was imposed as an incident field H inc *sin(2pf 1 )t (f 1 ¼ 1 Hz) by a Helmholtz coil, which surrounded the laminate and was driven by a signal generator. An induced ME modulation output signal of H inc H ac cos½2pðf 0 6f 1 Þt was measured by the SR-785. The value of a ME nonlin as a function of H dc is shown in Figure 2 (a), which can be defined as
where H inc is an incident field (to be measured) of a low characteristic frequency f 1 , H ac is the driving or modulation high-frequency field at f 0 , and E is the ME voltage output of a cross-modulation frequency at f 0 6f 1 . Figure 2(c) . The value of a ME nonlin was also found to be dependent on @d Carrier signal H ac *sin(2p f 0 )t was applied by a driving coil which was wound around the laminate; incident field H inc *sin(2p f 1 )t was applied through a Helmholtz coil surrounded the ME laminate. The induced modulation signal is H inc H ac cos½2pðf 0 6f 1 Þt, which can be multiplied with the driving signal H ac sinð2pf 0 tÞ again via a lock-in amplifier circuits to recover the original incident signal f 1 as H inc H (1)). The Taylor series also has a definition for the 2nd order coefficient a
Equation (3) indicates that a ME nonlin should be proportional to the derivative strength of a ME , which agrees well with experiment results. Comparison of Figures 2(a) 
This equation shows that a ME nonlin should be proportional to @d m 33 =@H. Equation (4) A magnetic flux concentration effect was then found to enhance a ME nonlin . Figure 3(a) shows the value of a ME nonlin for laminates with different Metglas lengths (L ¼ 6 cm and 10 cm) as a function of H dc . In this figure, it can be seen for L ¼ 6 cm that the peaks in a ME nonlin became wider than the one with 8 cmMetglas foils (see Figure 2(a) ); in particular, the 2nd peak was shifted to a higher bias of H dc ¼ 620 Oe, and the minimum between the two peaks was increased to H dc ¼ 612 Oe. It can also be seen that the peak values were significantly decreased. In contrast, for L ¼ 10 cm, the peak values of a ME nonlin were notably increased: the peak value was 9.5 V=ðcm À Oe 2 Þ at H dc ¼ À1 Oe for the 1st peak, which represents an enhancement of a factor of 4Â for a ME nonlin over previous reports using a 1 kHz driving signal. 12 It should also be noted under H dc ¼ 0 that the value of a ME nonlin was increased to 7.5 V=ðcm À Oe 2 Þ: this is in comparison to that of 2.5 V=ðcm À Oe 2 Þ for L ¼ 6 cm and
In addition, for L ¼ 10 cm, the peaks of a ME nonlin with H dc were sharper and occurred at lower biases. These trends of change in a When the cross-modulation signal output was demodulated and multiplied with the driving signal H ac sinð2pf 0 tÞ, the original incident signal f 1 can be recovered in the term H inc H 2 ac cosð2pf 1 Þt (see dashed window in Fig. 1 ). 15 Following the modulation principle, the demodulation voltage output V de should be linear proportional to the incident field H inc . Accordingly, we measured the sensor output signal after demodulation as a function of H inc using the 8 cm ME laminates as given in Figure 4(a) . Laminates of length 6 cm and 10 cm have similar results that are not shown here. The carrier signal (1 kHz), two cross-modulation signals (999 and 1001 Hz), and the demodulated signal (1 Hz) can be identified. In this figure, it can also be seen as H inc was increased from 18 nT to 180 nT that enhanced crossmodulation signals resulted, which in turn lead to an 
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Shen et al. Appl. Phys. Lett. 102, 172904 (2013) increased demodulated signal at f 1 ¼ 1 Hz. In Figure 4 (b), the value of V de can be seen to be dependent on H inc with a demodulation transfer function equal to 84 mV/Oe. Note that these data were measured at a constant driving signal of H ac ¼ 0.074 Oe for f 0 ¼ 1 kHz under zero DC bias. The results show that V de is linearly proportional to H inc , in agreement with the modulation principle. Such a linearity of the transfer function is essential for estimating unknown incident fields in applications, where normalization is difficult to perform accurately.
In summary, the non-linear ME coefficient a ME nonlin for ME laminate composites of Metglas/PMN-PT has been found to be strongly dependent on @d m 33 =@H. Adjusting the slope of d m 33 by a flux-concentration effect provides a way to improve a ME nonlin at H dc ¼ 0 Oe. This is important to remove the required H dc for ME sensors, eliminating potential bias interference effects in sensor arrays. The results demonstrate the feasibility to also use the modulation technique to reduce vibration noise by shifting low frequency magnetic signal (f 1 ) to higher frequencies (f 0 6f 1 ). By multiplying crossmodulation signals with the driving signal, an incident signal (f 1 ) was recovered filtering out low frequency noises. The demodulated signal V de was found to be linearly proportional to H inc , in agreement with predictions. An increase of the Metglas length resulted in increased values of a ME nonlin to 7.5 V=ðcm À Oe 2 Þ and to 9.5 V=ðcm À Oe 2 Þ at H dc ¼ 0 and À1 Oe, respectively.
